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Abstract 
Wavelength division multiplexing (WDM) is a promising technology to dramatically enhance the 
transmission capacity of optical fibers. However, performance imperfections of the optical 
components incorporated in the network nodes, such as optical cross-connects (OXC), lead to 
homodyne crosstalk, which is one of the major impairments in WDM systems. Leaking light 
from remote node acts as homodyne crosstalk and is input to receiver together with the signal, 
degrading the receiver sensitivity. In this thesis, we analyze the behavior of the optical signals 
under the influence of homodyne crosstalk in optical networks and investigate several new 
effective schemes to alleviate such impainnent by means of all-optical signal processing 
techniques. 
Previously proposed homodyne crosstalk mitigation schemes mainly focused on how to reduce 
the signal-crosstalk beating probability, and how to transfer the signal-crosstalk beating to be out 
of the signal band. In this thesis, we propose to suppress the homodyne crosstalk by means of 
all-optical regeneration techniques. Previously reported optical regeneration techniques, 
including semiconductor optical amplifier Mach-Zehnder interferometer (SOA-MZI) and 
self-phase modulation (SPM) spectrum filtering, offer effective re-shaping ability on the distorted 
optical signal. We investigate and experimentally demonstrate effective homodyne crosstalk 
mitigation for optical signals of non-return-to-zero (NRZ) and return-to-zero (RZ) format using 
SOA-MZI and SPM spectrum tillering, respectively. Experimental results show that the proposed 
schemes can largely enhance the tolerance against the homodyne crosstalk induced degradation. 
Moreover, we theoretically analyze the homodyne crosstalk accumulation performance and its 
suppression by using all-optical regenerators when an optical signal traverses over a multi-hop 
WDM network. A simple theoretical model based on matrix manipulation has been proposed to 
analyze the bit-error rate performance. The results prove the effectiveness of the proposed 
all-optical regeneration technique in homodyne crosstalk mitigation in large-scale WDM 
networks. 
On the other hand, we propose another polarimetric approach to alleviate the homodyne crosstalk. 
We have found that the crosstalk components can be extracted and suppressed by simple 
polarization control and filtering. Experimental results show that the proposed scheme can 
actively minimize the signal-crosstalk beating at the receiver. 
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Chapter I Introduction 
1 Introduction 
1.1 Overview of optical networking 
During the past decade, there are tremendous changes in the demand and usage pattern of 
telecommunication networks. The total network bandwidth demand has been growing rapidly, 
and the data traffic becomes dominated by highly bursty Internet-based data traffic instead of 
circuit switched voice traffic. As the Internet user base continues to grow, the demand on larger 
network transmission capacity and flexibility will undoubtedly increase further and further. These 
increased demands and user patteni changes give much impact on telecommunication networks 
and urge the development and evolution of network technology. 
In order to provide such large bandwidth for increasing traffic demands, a promising solution is 
to deploy optical networks. Optical networks refer to networks that involve operational steps 
such as transmission, multiplexing and routing in optical domain. According to Shannon-Hartley 
theorem, 
C = x l o g 2 ( l + 57W?) (1.1) 
where C is the information-carrying capacity (bits/sec), BW is the link bandwidth (Hz = 
cycles/sec), and SNR is the signal-to-noise power ratio. That means the channel bandwidth is 
limited by the frequency of the signal carrier. Therefore, light is ideal for high bit-rate traffic 
because its extremely high carrier frequency (between 100 and 1000 THz) can provide virtually 
unlimited information-carrying capacity. As light is a carrier with the highest frequency among 
all the practical signals, it is expected that fiber-optic communicat ion systems can offer the 
highest capacity among all modern telecommunication systems. 
In around 1984, single-mode optical fiber was used for the first time to deploy transmission 
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systems. Single-mode fiber has a relatively small core diameter of about 8 to 10//m compared to 
the operating wavelength range of the light signal. Light is forced to undergo single-mode 
propagation and therefore intei.modal dispersion can be effectively eliminated. This enabled a 
drastic increase in bit rates and transmission distances. 
In late 1980s, the 1.55/"" wavelength low-loss transmission window was explored. However, 
chromatic dispersion became another problem because the optical pulse was smeared due to the 
difference in propagation speeds of different frequency components . This motivated the 
development of dispersion-shifted fiber which shifted the zero dispersion wavelength to the 
1.55///;/ transmission window and the development of distributed-feedback (DFB) laser which 
has a narrow spectral width. 
In late 1980s and early 1990s, there were two major impacts on the development of optical fiber 
communicat ion systems. The first one was the advent of optical fiber amplifier EDFA (erbium 
doped fiber amplifier) in 1987 [1]. The second one was the idea of W D M (wavelength division 
multiplexing). The amazing merit of EDFA is that it can amplify signals at many different 
wavelengths simultaneously, regardless of their individual bit rates, modulation scheme, or power 
levels. EDFA has replaced optoelec t ronic regenerators which work only for designated bit rate at 
only one wavelength and also require the optical signals to be converted to electrical signals 
before the regeneration. EDFA has also provided another way of increasing the system capacity 
by sending many light beams of different wavelengths simultaneously down the core of an 
optical fiber, i.e. using wavelength division multiplexing (WDM). W D M is conceptually an 
analogy of frequency division multiplexing (FDM) in microwave radio and satellite system. It 
provides the ability to upgrade the capacity rapidly, by merely adding a new non-overlapping 
wavelength channel to the same fiber, in contrast to the months to years it could take to deploy a 
piece of new fiber. The use of WDM and EDFAs dramatically brought down the cost of long-haul 
transmission systems and increased the system capacity. 
To realize high bit-rate, flexible and reliable optical networking, we also need to combine 
transmission techniques such as wavelength division multiplexing (WDM) , optical t ime division 
multiplexing (OTDM), optical routers, optical add-drop nodes, optical switches, optical 
cross-connects and other photonic components together. Research and development in fiber-optic 
communicat ion are very active. The success in continuously reducing the cost of bandwidth 
motivates the development of more bandwidth demanding applications and affects behavioral 
patterns. This in tuni drives the need for more bandwidth in the network. The positive feedback 
cycle shows no sign to stop in the near future. 
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1.2 Multi-wavelength optical networks 
As mentioned in the previous section, the development of EDFA and W D M has revolutionized 
the whole optical communication industry. Reliable and cost-effective optical networking has 
been realized by having the multi-wavelength signals transmitted and amplified inside the same 
fiber simultaneously. Nowadays, much research effort is directed toward the development, 
optimization and photonic integration of key components enabling the introduction of 
multi-wavelength optical networks. WDM networking and W D M technology are expected to 
constitute the transport layer for provisioning of rapid growing internet protocol (IP) traffic and 
services in the future. 
1.2.1 Building blocks 
In supporting multi-wavelength optical networks, the following components are indispensable: 
Optical transmitters and receivers: 
For any kind of communication system, we need a signal source at the transmitter and a signal 
detector at the receiving end of transmission. In multi-wavelength optical communication system, 
optica丨 signal at a designated wavelength is usually generated by laser diodes. Laser diodes have 
been regarded as the best light sources for long-distance fiber-optic links for their radiation 
properties such as high directivity, narrow spectral width, and coherence. The main 
considerations when choosing a laser diode include the wavelength stability with time and 
temperature, ease of control, low cost, manufacturability and reliability. Tunability is also a 
desirable property for light sources because it allows a laser to operate at different channels in a 
wide wavelength range. Many tunable laser designs have been proposed. Typically wavelength 
tunning is achieved by electrical cun.ent injection into a multi-section DFB or DBR based laser to 
shift the gain profile. This kind of wavelength tunning has a large tunning range of 40-60 nm in 
the 1550 nm window. 
At the receiver-end of transmission, high sensitivity photodetectors together with adequate 
amplification and electrical processing are employed to provide the best recovery of the 
transmitted data. Recently researchers are trying to develop multi-channel receiver. For example, 
ACTS project APEX successfully demonstrated the monolithical integration of an arrayed 
waveguide grating (AWG) demultiplexer with a number of photodiodes on an indium-phosphine 
material [2]. 
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Optical amplifier: 
As optical liber has a finite attenuation, the optical signal would gradually damp while traveling 
down the fiber. Therefore we need to boost an optical signal regularly so that information can be 
transmitted over a longer distance. Optical amplifiers allow the direct amplification of light, 
without having to convert an optical signal into electrical form for amplification. Therefore they 
are transparent to any signal formal and any bit-rate. Two major classes of optical amplifiers are 
in use today: semiconductor optical amplifiers (SOA) and fiber optical amplifiers (FOA). 
A semiconductor optical amplifier is essentially a laser diode without optical feedback. It has 
wide amplification bandwidth of about 20 nm and good gain performance in 1300 nm as well as 
1500 nm wavelength region. Thus it is widely adopted in single channel (wavelength) systems. 
However, cross gain modulation (XGM) induced crosstalk limits the SOA usage in 
multi-wavelength systems. 
A well-known example of FOAs is the erbium-doped fiber amplifier (EDFA) as described before. 
A piece of fiber doped with erbium (Er) ions works as an active medium and external light 
pumping is required to excite the erbium ions. EDFAs have extremely high gain and excellent 
noise performance. Moreover, multiple channels can be amplified simultaneously. Therefore they 
are widely used in W D M networks. Usually EDFAs operate at 1550 nm region. Some researches 
have been conducted to extend the amplification region to 1300 nm and 1600 nm. 
Opticcd m iillip/exing: 
Optical multiplexing is a kind of technique that can optically combine multiple channels into the 
same transmission medium. It aims at enlarging the network capacity and providing bandwidth 
sharing. In optical communications, the bandwidth of optical fiber can be shared by different 
means. For example, optical time division multiplexing ( O T D M ) assigns each channel a certain 
time slot for transmission. Synchronization requirement is stringent when the system is operated 
at high-speed. In wavelength division multiplexing (WDM), signals on different wavelengths are 
combined into a single fiber. This multiplexing scheme is transparent to bit rate and modulation 
format. However, more laser sources are required. For subcarrier multiplexing (SCM), single 
wavelength is used and each channel is represented by a specific RF subcan.iei,. It requires good 
linearity for better transmission performance. Optical code division multiplexing (OCDM) 
assigns different codes that are orthogonal to each other to every channel, while polarization 
division multiplexing (PDM) uses different polarization states, TE and TM, to carry different 
optical data stream. Among these multiplexing techniques, O T D M and W D M are most widely 
used in today's fiber-optic communication systems. 
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Optical acid-drop multiplexers, optical cross-connects, and optical switches: 
An optical add-drop multiplexer (OADM) is designed to take wavelength channel(s) out of and, 
in turn, add channel(s) to a mainstream optical link. The schematic diagram of an O A D M is 
presented in Fig. 1.1. An optical filter is used to select a dropping wavelength and a multiplexer 
is used to add a new channel at the same wavelength. O A D M s enhance the flexibility of optical 
networks by enabling functionalities such as signal routing, signal monitoring, and other signal 
processing. More functionalities can also be realized by integrating with optical switches or 
wavelength converters. 
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Fig. 1.1 Schematic diagram of an optical add/drop multiplexer ( O A D M ) 
Optical cross-connect (OXC) is a more complex device than O A D M in such a way that it can 
handle more complex mesh topologies and a larger number of wavelengths. It is intended to 
perform the same function as that of the electronic digital switches in telephone networks. WDM 
signals from different optical links are first demultiplexed and then switched to different links as 
shown in Fig. 1.2. O X C s enable the provision of dynamic and flexible network services as well 
as network restoration. The switch core of an OXC can be either in electrical or optical. An 
electrical switch core can groom traffic at fine granularities and can typically support time 
aggregation of lower-speed circuits to the line rate at the input and the output ports, while an 
optical switch simply switches signals from one port to another. Wavelength conversion 
capability can be added inside the OXC to provide more flexible networking functions. 
Optical switches are used in optical networks for a variety of applications. For example, they can 
be used for provisioning of lightpaths in OXC. They work as replacements of manual fiber patch 
panels. Another application is protection switching in which traffic is switched to a spare link 
when the original link is broken. Optical switches can also be used in high-speed optical 
packet-switched networks. In these networks, switches are used to switch signals on a 
5 
Chapter I Introduction 
packet-by-packet basis. Different applications have different switching time requirements, 
ranging from several picoseconds to several milliseconds and the number of switch ports from 1 
to more than 1000. From the technological point of view, optical switches can be divided into 
op tomechan ica l switches which use micro-electromechanical structure (MEMS) to change 
lightpalh, thermo-optical switches that rely on the change of refractive index induced by 
temperature; and electro-optical switches which are based on the change of refractive index 
induced by electric field. 
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Fig. 1.2 Schematic diagram of an optical cross-connect (OXC) 
1.2.2 Performance limitations 
The building blocks of a multi-wavelength optical network mentioned above may suffer from 
different kinds of impairments. These will limit the robustness and the performance of the optical 
network. In this section, some of the common and known impairments in optical network will be 
discussed briefly. 
Optical Amplifiers 
Optical amplif iers based on fiber or semiconductors are used to compensate for optical losses 
caused by fiber attenuations and insertion losses of in-line optical components . However, in 
addition to providing gain, an amplifier also introduces noise in form of amplified spontaneous 
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emission (ASE), which would accumulate in a cascade of amplifiers. Also, the gain of amplifier 
depends on the total input power. Therefore undesirable power transients would occur when the 
input power is too high because the amplifier is saturated and the gain drops. Finally, the gain is 
not flat over the entire amplifier passband, which would translate into undesirable power 
equalization problem especially in cascaded amplifiers. 
Dispersion 
Dispersion refers to the phenomenon that different frequency components of a signal travel at 
differenl velocities and thus arrive at different times at the receiver. The most common 
dispersions are intermodal dispersion, chromatic dispersion (CD) and polarization mode 
dispersion (PMD). Intermodal dispersion occurs only in multimode fiber, where different fiber 
modes travel at different paths. Chromatic dispersion originates from the fact that different 
frequency components of a signal travel with different group velocities in the fiber. Polarization 
mode dispersion arises because the fiber core is not perfectly circular, and therefore different 
polarizations of the signal travel at different group velocities. All kinds of dispersion would 
broaden an optical pulse as it propagates along a fiber. Dispersion would cause intersymbol 
interference and put a limit on the maximum bit-rate and transmission span. 
Fiber noulinearUies: 
When the power level of the propagating signals in a fiber is high enough, we need to worry 
about the nonlinearity effects that may result in crosstalk, distortion and attenuation. There are 
two categories of fiber nonlinearities. The first one is due to the scattering between the input 
signal and the phonons in the silica medium. Stimulated Brillouin scattering (SBS) and 
stimulated Raman scattering (SRS) belong to this category. These two effects would cause 
transfer of power from the original wavelength to another wavelength and would consequently 
cause power reduction and channel crosstalk. The second category is due to the fact that the 
refractive index of a fiber depends on the optical power. Four-wave mixing (FWM), self-phase 
modulation (SPM) and cross-phase modulation (XPM) fall to this category. FWM would 
generate new frequency components, inducing crosstalk, while SPM and XPM would cause 
spectral broadening and there fore increase the chromatic dispersion penalties. 
Optical crosstalk: 
Crosstalk generally refers to the effect of having other interfering signals on the desired signal. 
The mechanism of crosstalk can be nonlinear effects such as FWM and SRS that may take place 
if the optical power level is sufficiently high. Another mechanism is the linear power leakage due 
to the manulacture im perfect ion of optical devices such as O A D M , OXC, optical switch, 
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multiplexer and demultiplexer. Such linear crosstalk can be classified into intraband crosstalk and 
interband crosstalk, depending on whether the crosstalk and the desired signal have the same 
nominal wavelength or not. It is generally easier to combat interband crosstalk as it can be greatly 
suppressed by narrowband optical filtering. However, intraband crosstalk would accumulate 
along the transmission path. 
1.3 Related work about homodyne crosstalk 
Homodyne crosstalk is one kind of intraband crosstalk with the same nominal optical and 
electrical f requency as the desired optical signal. It is the most difficult to tackle such crosstalk 
because it cannot be removed by iian'owband optical filtering or even electrical filtering. When 
the desired signal beats with the crosstalk, severe signal distortion and power penalty would be 
observed. There are many issues that worth studying related to homodyne crosstalk. The first 
issue is how to improve the quality of optical devices such as OADMs, OXCs and optical 
switches, so that better crosstalk isolation can be achieved. The second is about how to mitigate 
homodyne crosstalk so that the induced detrimental effect can be minimized. Another issue is the 
performance analysis on the network when homodyne crosstalk exists. 
For homodyne crosstalk mitigation, there were several studies reported in literature. Most of 
them focused on how to reduce the beating probability between the crosstalk and the desired 
signal, or how to shift the beating part to be somewhere out of the passband of electrical filter. 
These include the use of Manchester-encoding [3]-[4], bit-pattern misalignment [5], intra-bit 
modulation [6]-[7] and phase scrambling [8]-[9]. However, they suffered from different 
disadvantages such as increased bandwidth requirement, bit-rate dependency, increased chirp, 
etc. 
There were also many studies reported about the performance analysis of homodyne crosstalk. 
Some analytical models were built to model the homodyne crosstalk probability distribution 
function (pdt). The most commonly used one is Gaussian approximation [10]-[13]. Although it 
was simple to use, it was found to be not accurate enough, especially when the number of 
crosstalk source was small. Other models such as Saddlepoint approximation [14]-[18] and 
Modified Chernoff bound [17]-[21] were based on moment generating function (MGF). They 
provided a more accurate approximation, but the complexity is higher and the computation time 
would be greatly increased when the imperfect extinction ratio was taken into account. 
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1.4 The motivation of this thesis 
As the number of Internet users and network traffic continues to grow rapidly, future optical 
network is expected to be highly connected so as to increase the network coverage and flexibility. 
This in turn will increase the number of intermediate optical nodes in the network, as well as the 
number of input/output ports in each optical node. As optical devices are still far from perfect at 
this moment without further technology breakthrough, homodyne crosstalk arises from power 
leakage inside optical nodes would induce rapid power fluctuation that becomes more and more 
severe because of its accumulative behavior. In view of the disadvantages suffered by the 
reported homodyne crosstalk mitigation techniques in literature, we analyze the behavior of the 
optical signals under the influence of homodyne crosstalk in optical networks and investigate 
several new effective schemes to alleviate such impairment by means of all-optical signal 
processing techniques. In this thesis, we propose to suppress the homodyne crosstalk by utilizing 
all-optical regeneration technique. We investigate and experimentally demonstrate effective 
homodyne crosstalk mitigation for optical signals of non-return-to zero (NRZ) and return-to-zero 
(RZ) format using semiconductor optical amplifier Mach-Zehnder interferometer (SOA-MZl) 
and self-phase modulation (SPM) spectrum filtering, respectively. Experimental results show that 
the proposed schemes can largely enhance the tolerance against the homodyne crosstalk induced 
degradation. We also propose another polariinetric approach to alleviate the homodyne crosstalk. 
It is based on the evolution characteristics of the states of polarization (SOP) of both the optical 
signal and the homodyne crosstalk along the transmission path. We have found that the crosstalk 
components can be extracted and suppressed by simple polarization control and filtering 
techniques. Experimental results show that the proposed scheme can effectively minimize the 
signal-crosstalk beating at the receiver. Moreover, we theoretically analyze the homodyne 
crosstalk accumulation performance and its suppression by using all-optical regenerators when an 
optical signal transverses over a multi-node WDM network. A simple theoretical model based on 
matrix manipulation has been proposed to analyze the bit-error rate performance. The exact 
probability distribution function analysis does not assume the crosstalk being Gaussian 
distributed, thus it is more realistic. The results prove the effectiveness of the proposed all-optical 
regeneration technique in homodyne crosstalk mitigation in large-scale W D M networks. 
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1.5 Outline of this thesis 
The organization of the remaining chapters of this thesis will be as following: 
Chapter 1: Introduction 
This chapter gives an overview of optical networking, describes the essential components to 
build a multi-wavelength optical networks, and the system peifonrmnce limitation. Also, the 
motivation of this thesis is presented 
Chapter 2: Crosstalk in WDM Networks 
This chapter introduces differenl types of crosstalk in WDM networks and their characteristics, 
existing mitigation techniques and performance analysis techniques. 
Chapter 3: Optical Regeneration for Crosstalk Mitigation 
In this chapter, optical regeneration techniques are reviewed, and crosstalk mitigation using 
optical regeneration is proposed and investigated. 
Chapter 4: Polarimetric Approach for Crosstalk Mitigation 
This chapter proposes and investigates the homodyne crosstalk mitigation perfoiTnance using 
polarization control and polarimetric filtering. 
Chapter 5: Crosstalk Accumulation Analysis 
This chapter proposes a new matrix based model to quickly analyze the bit error rate performance 
degradation due to homodyne crosstalk accumulation 
Chapter 6: Summary and Future Works 
This chapler summarizes the thesis and suggests possible future works. 
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2 Crosstalk in WDM Networks 
2.1 Introduction 
Crosstalk in general refers to any kind of effect experienced by the desired signal from other 
signals. In W D M networks, almost every component would introduce crosstalk. These 
components include optical switches, OADMs, OXCs, multiplexers/demultiplexers, 
semiconductor optical amplifiers, filters, and even fiber itself. Crosstalk poses several kinds of 
limit to W D M networks, including the number of channels in each link, the power level in each 
channel, the channel spacing, the filter bandwidth requirement, etc. It is therefore essential to 
understand the mechanism of crosstalk to enable high quality W D M network planning and 
operation. In this chapter, a brief introduction on different types of crosstalk in W D M networks 
will be given, together with their characteristics, mitigation techniques and performance analysis 
techniques. 
2.2 Classification of optical crosstalk 
- N o n l i n e a r • XPM, FWM, SRS, etc. 
/ Intraband Electrical In-band Homodyne Coherent 
Optical ^(inside oplical • (inside declrical lilter • (same nominal -•(phase correlated) 
Crosstalk 厂仙口.卜肌(0 bunclwicllh) Ikquencies) 
\ / \ \ \ 
^ Lmear Electrical Out-band \ Heterodyne Incdierent 
\ (oiiiside electrical tiller , (closely-valued — • , , 」、 
\ bandwidth) frequencies) ( _ 丨)丨職 correlated) 
\ 丨 nterband 
"(outside optical 
filter band) 
Fig. 2.1 Overview of different types of optical crosstalk in W D M Networks 
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Optical crosstalk in W D M systems can be classified into several categories. Fig. 2.1 shows an 
overview of the classification of optical crosstalk in WDM networks. Roughly speaking, optical 
crosstalk can be nonlinear or linear. 
2.2.1 Nonlinear crosstalk 
One of the interesting characteristics of optical fiber is that its refractive index depends on the 
total optical power of the signals traveling through it. The power-dependent refractive index n ' 
can be described by the following equation [22]: 
n�二 n + n八P/Ae,丨、 (2.1) 
where n is the linear refractive index, n: is the nonlinear-index coefficient, P is the optical power 
and A"/ is the effective area of the fiber. In typical WDM systems, the optical signal is intensity 
modulated and therefore the optical power is not constant. As a result, the refractive index 
variation induced by the intensity variation of one channel would be experienced by other 
channels inside the same fiber. The refractive index variation will be translated into phase 
variation of the signal which in turn causes spectra! broadening or chirp. The spectral broadening 
or chirp would introduce additional dispersion penalty and also cause serious signal waveform 
distortion. This effect is called cross-phase modulation (XPM). Another nonlinear effect, 
four-wave mixing (FWM), would result in generation of several intermodulation products at 
differenl wavelengths (入|土人2±入3). The generated signals may have the same wavelength value as 
one of the existing channels and therefore may result in significant crosstalk. 
Another type of nonlinearities, known as scattering, is also a major source of nonlinear crosstalk. 
Scattering effects are due to the interaction of input signal lightwaves with vibrations of the silica 
molecules. The effect depends on 尸 t h u s increases with an increase in the input power and 
the link length. There are two types of scattering, namely stimulated raman scattering (SRS) and 
stimulated brillouin scattering (SBS). SRS causes power to be transferred from the 
shorter-wavelength channels to the longer-wavelength channels. The broadband nature (up to 15 
THz) makes a normal W D M system having system bandwidth smaller than the SRS bandwidth 
susceptible to the SRS. SBS, on the other hand, has an extremely narrow bandwidth (about 
10-100 MHz) and therefore does not cause any interaction between different wavelength 
channels because the wavelength spacing is usually much larger than the SBS bandwidth. 
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2.2.2 Linear crosstalk 
Linear crosstalk is mainly caused by manufacture imperfection of optical devices. In WDM 
networks, there are many optical nodes connected with different optical links. Optical devices 
such as O A D M s , OXCs, multiplexers, demultiplexers, and optical switches that exist in optical 
nodes may have non-ideal adjacent channel isolation. As a result, linear crosstalk occurs as 
shown in Fig. 2.2. 
Intraband 
人2 丨 / 丨 入 1 入 2 ？ + 丨 人 2 
\ (U) ^ -
I A I Interband 
D e m u x N A/Mux \ | ! I ； crosstalk 
\ 昼 Qxc i 凰i Z 
� Filer passband 一 ⑶ 
Fig. 2.2 Linear crosstalk occurrence in (a) cascaded demultiplexer and multiplexer, and (b) an 
optical crossconnect 
Linear crosstalk can be classified as intraband or interband crosstalk, according to whether the 
crosstalk lies within the passband of the optical filter or not. Interband crosstalk is usually not 
harmful to the network, because it can be largely suppressed by narrowband optical filtering. 
However, as the wavelength of intraband crosstalk is very close to that of the desired signal, it 
cannot be removed by mere optical filtering. As the optical signal usually traverses over several 
hops from the source to the destination, the intraband crosstalk accumulates at each intermediate 
node and seriously degrades the desired signal at the receiving end, as shown in Fig. 2.3. 
Intraband crosstalk can be further divided into electrical in-band and electrical out-band crosstalk, 
depends on whether the desired signal and the crosstalk both lie within the electrical bandwidth 
of the receiver or not. NaiTowband electrical filtering can be used to suppress the electrical 
out-band crosstalk, but it does not work on electrical in-band crosstalk. 
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There are two types of electrical in-band crosstalk. Heterodyne crosstalk refers to crosstalk 
having nominal frequency different from the signal's frequency (but still within the receiver 
bandwidth), ll usually originates from different lasers, and therefore the phases of the signal and 
the crosstalk are not con-elated. On the other hand, homodyne crosstalk refers to crosstalk that 
has exactly the same electrical frequency as desired signal. It can either be coherent (phase 
correlated) or incoherent (not phase correlated), depending on whether the signal-crosstalk 
mixing takes place within the laser coherence length. Incoherent crosstalk causes rapid power 
fluctuation and seriously degrades the data-detection performance. 
I I 
I I 
广 I ； 
Accumulated crosstalk�| + 丨 + 
1 ； A;瓜 
hss^mf：^^^ Filter passband 
Fig. 2.3 Intraband crosstalk accumulation in a highly connected WDM network. 
2.3 Crosstalk characteristics 
Consider the complex notation of an optical signal: 
云、(/) = + m t y ) (2.2) 
where co, is the carrier frequency, P is the peak optical power, (j)s(t) is the instantaneous optical 
phase, gs(t) is the pulse vvavefonn, / ; , ( / ) expresses the state of polarization, and bs(t) represents 
the binary symbols , where b,(i)=p or 1 with 0<p< 1 accounting for the extinction ratio. Suppose 
the signal propagates with " c r o s s t a l k sources with expressions: 
豆 K ( 0 = r , {0^£,PMl)g,it)Qxp{Jco,t + ( / ) ) (2.3) 
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where k=l..N, and €k=Pk/P is the relative power of the k-Xh crosstalk with the signal, then at the 
receiver, the photocurrent is given by 
N 2 
i 丨,丨人 t) = REM + Y^E 八t) (2.4) 
k = \ 
where R is the receiver responsilivity. Assume R=\, i,,h(l) can be rewritten as: 
i = 
/) M / ) ^ � ( 0 + f > A ( 0 � “ / ) + 
’ i m " K M 复 ( / ) M o 容 “ , ) c o s [ ( �. � . -c o k ) , + ( 0 - (K ⑴ ] + (二.;） 
A=l 
A'-l .Y “ 
Z ( O o iO^^^sA iOg, {t)b, {l)g, ( / ) c o s [ K -(0,)t^(l),{t)-(l),{t)] 
In equation (2.5), the signal term is combined with three crosstalk contributions. The first 
contribution only changes the position of zero and one level according to the crosstalk power by 
addition, ll does not harm the detection performance if the detection threshold is carefully 
adjusted. The second contribution is the signal-crosstalk beat noise. It is the major source of 
impairment produced by crosstalk. This term is arc-sine distributed [54] and it causes serious eye 
closure to the detected signal. Fig. 2.4 shows an optical signal produced by the single-crosstalk 
source at crosstalk level o f - 1 6 d B . The large burst at one level was produced by the signal-noise 
beat tenn. 
.W: W 讀.k “… 
： J 丨 … ^ O O p s 
Fig. 2.4 Signal distorted by intraband crosstalk (crosstalk level = -16dB) 
The last crosstalk contribution is the crosstalk-crosstalk beat noise. It is generated by the beating 
process between different crosstalk sources. In general this contribution is negligible as the 
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amplitude is very small. However, this term becomes significant if the number of crosstalk 
sources is large. 
2.3.1 Polarization states 
The beating process between the signal and the crosstalk is the most serious when the signal and 
the crosstalk polarizations are matched. However, the signal-crosstalk beating noise vanishes for 
orthogonal polarizations. Although it seems that the signal-crosstalk beating process can be 
relaxed by the random polarizations of the signal and the crosstalk, it was found that the system 
in general shows a preference for the worst-case performance [23]. The polarization matching 
laclor is given by [23]: 
m，^.VA. ’Vs I {2 + c o s [ 2 ( 义 - ) ] [ 1 + c o s ( ^ , - h ) ] + (2.6) 
‘ c o s [ 2 ( � 
where Gxk, <//�•, y/xk specify the polarization states of the signal and the /:-th crosstalk and they 
are uniformly distributed over [0,271];戶0 for orthogonal polarization and 户 1 for matched 
polarization. 
R a n d o m Polar izat ions R a n d o m Linear Polarizations 
3 0 0 1 0 , 0 0 0 s a m p l e s ^ ^ ^ 1 0 , 0 0 0 samples 
1 0 0 bins 8 0 0 • 100 bins 
250 
I 200 i I 600| 
'[^^tiiriirii III I I I I y 
0 0.2 . 0.4 0.6 「 0 : 8 1 0 0.2 , . 0.4 0.6 ^  ^ 0.8 1 
Polarization-Alignment Factor Polanzation-Alignment Factor 
Fig. 2.5 Histogram of polarization-alignment factor by numerical simulation for signal and 
crosstalk having (a) random polarization states, (b) random linear polarization states 
Fig. 2.5 shows that the polarization-alignment factor is monotonically increasing from 0 to 1, 
which means that the system has a preference for the near-worst-case, although the signal and the 
crosstalk polarizations are both random. Therefore it is more appropriate to consider the worst 
polarization matching case for the signal and the crosstalk when a system is deployed. 
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2.3.2 Wavelengths 
The term representing the signal-crosstalk beat noise contribution in equation (2.5) can be written 
as the form 
^{t) = ^(/)cos(Aty/ + (2.7) 
where A { t ) = 如 J ) � i O ^ k ( 0 is the amplitude, Acy二cUs.-ty^ t is the wavelength 
difference between the signal and the crosstalk, A(/)=(ps{t)-(/)k{f) is the phase difference between the 
signal and the crosstalk. 
The wavelength difference Am between the signal and the crosstalk is a major factor that decides 
the level of the signal-crosstalk beat noise. It is because the frequency of the beat term in 
equation (2.7) depends on this factor. If Aco is larger than the pre-detection optical filter 
bandwidth, the crosstalk is interband and is blocked by the optical filter. If the crosstalk is 
intraband, but Aco is larger than the post-detection electrical filter bandwidth, then the 
signal-crosstalk beat noise term can also be fairly suppressed by the electrical filter. However, if 
/^co is too small such that it is within the post-detection electrical filter bandwidth, then most of 
the beating noise would be detected. The value of Aco depends on the wavelength stability. In 
dense wavelength division multiplexing ( D W D M ) system where the wavelength requirement is 
very stringent, Aco will have a very small value. 
2.3.3 Phases 
As discussed before, crosstalk can be coherent or incoherent. For beating process within laser 
coherence length, i.e. A(/) is small, the crosstalk is said to be coherent. Coherent crosstalk only 
causes slow fading effect similar to that in radio communication system which can be easily 
adapted by the detection thresholding circuit. Therefore it is less harmful compared with 
incoherent crosstalk. 
On the other hand, incoherent crosstalk is not phase-correlated with signal. The phase difference 
fluctuates rapidly and randomly between the values of 0 and 2TZ within a bit period. The rapid 
phase fluctuation would be translated into rapid intensity fluctuation of the photocurrent as we 
can see in equation (2.7). The band-limited detection thresholding circuit is not fast enough to 
catch such rapid fluctuation and thus results in bit detection error. 
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2.4 Crosstalk mitigation techniques 
In highly connected and reconfigurable WDM optical networks, intraband crosstalk is a major 
limi ting factor especially when the number of WDM channels is large. The (de)multiplexing, 
routing or switching inside optical nodes with non-ideal optical devices would result in power 
leakage that would in turn cause interferometric effects in the desired channels. Of course, the 
most straightfo rward way to mitigate such intraband crosstalk is to use optical devices fabricated 
with a low crosstalk level ($; 35dB). However, for optical devices based on bulk components, 
such low crosstalk level can hardly be achieved. It is fOl'seen that advanced integration 
technologie may help to improve the crosstalk level [24]. However they are still not mature 
enough to be commercially available at this moment. Therefore, it is desirable to develop some 
crosstalk mi tigation methods so that systems based on currently available devices can be less 
affected b cro ta lk . Some of the previously reported schemes are introduced in this section. 
2.4.1 Manchester-encoding 
As the optimum decision threshold strongly depends on signal amplitude, conventional receivers 
suffe r a large penalty from crosstalk , because the automatic gain control (AGe) circuit inside 
conventi onal receivers is not fast enough to follow the power fluctuation induced by the 
signal-crossta lk beating process. Therefore it was suggested in [3]-[4] to use Manchester 
encoding and di ffe rential receiver to keep the optimum detection threshold at zero level to 
fac i I itate bi t decision. 
3dB coupler 
\ 
:.--- Dual-pin PO 
1 
-'0' 
GND ....... ~ 1 __________ 1 
, I ' 
GND ...... .. ~ .. .... . 
Fig. 2.6 Use of Manchester encoding and di ffe rential receiver to keep optimum detection 
threshold at ground level 
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The idea is shown in Fig. 2.6. First the signal is Manchester-encoded (rising transition represents 
1, falling transition represents 0). At the receiver, the signal is power-split into two paths with a 
delay difference corresponding to half of the bit period. One of the paths is connected to the 
noninverted input of dual-pin PDs, while another path is connected to the inverted one. The 
dual-pin PDs create a power difference between the consecutive half bits. Then the threshold 
voltage at the decision circuit can be fixed at zero volts because the offset voltage is 
instantaneously cancelled by the differential detection. 
In [4J, it was reported that the system penalty was less than 3.2 dB for homodyne crosstalk levels 
up to -12 dB. However, the disadvantage of this scheme is that doubled bandwidth is required 
comparing with a common non-return-to-zero (NRZ) encoder. Also, complex design is required 
for receivers operating in differential mode. 
2.4.2 Bit-pattern misalignment 
tibcr delays p — - — r - - - - - — - - — — - — ^ — - - - ^ 
/ / | \ Al igned Bits Misal igned Bits 
/ 门 / / ~ \ 1 0 1 1 0 1 0 1__1 0 
^ o y Signal 一 — 一 — 
\ p * ] / Crosstalk r ~ l _ J L _ r i _ J I 
D E M U X M U X I I I I I I I I 
y f • 
(a) (b) 
Fig. 2.7 (a) O A D M with purposely introduced fiber delays at crosstalk paths (b) Misaligned bit 
patterns at the output 
Another method to enhance system tolerance towards optical crosstalk is called bit-pattern 
misalignment [5]. Crosstalk effects are reduced by purposely introducing fiber delays on the 
order of bit t imes between different crosstalk paths. These delays decorrelate the bit pattern of the 
main signal with the interfering signals and place some of the crosstalk power in the “0” bits of 
the main signal instead of the “1，，bits. For example, Fig. 2.7a shows an O A D M implemented 
with this scheme. Some fiber delays are introduced in the demultiplexed paths so that the signal 
and the crosstalk data bits at the output are misaligned, as shown in Fig. 2.7b. As beating occurs 
only when both the signal and the crosstalk are "1", this scheme can reduce the chance of beating 
and so is the induced penalty. However, since fiber delays are used to mitigate the crosstalk effect, 
this scheme is not applicable to integrated optical cross-connect where optical waveguides should 
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be made as short as possible. Besides, as the length of fiber delays is related to bit period, bit-rate 
transparency is not possible. 
2.4.3 Intra-bit modulation 
Optical crosstalk can also be suppressed by exploiting the thermally induced intrabit optical 
frequency shift in directly modulated lasers [6]-[7]. Under direct N R Z modulation, the carrier 
density and the temperature within the active region of a DFB laser change with time, thereby 
inducing a refractive index and length variation, and this results in an evolution of the laser center 
frequency along the waveform. Fig. 2.8 is extracted from [6] and it shows the frequency variation 
within a bit period for 622 Mb/s and 9.72 Mb/s data stream. The frequency variation can be as 
large as several G H z as shown in the figure. This frequency variation implies that the interfering 
bits of different optical frequencies are transferred from baseband and thereby can be suppressed 
by a narrowband electrical filler at the receiver. 
^ _ ^ A A / n “ 
power I V ^ " 
pJ U 0 U ^  L U U vj Lj y L ^ ^ 
^ — T"» '1 ' ' i '"i' I -r-^ - T-T—T—r r. I~~r* • ； i • •»• • ••<-• ”-•嘗 ” • i~ i 1~r-T—i~r 
• ” “ ” - » . 丨《 抑 如 柳 
lime (M) lime |iu| 
111, (b) 
Fig. 2.8 Time-resolved spectroscopy of modulated optical waveforms: (1) 622 Mb/s 32b word 
and (b) 9.72 Mb/s 0101. . . sequence (both extracted from [6]) 
This scheme is attractive in sub-Gbit/s transmission systems in short distance applications 
because no additional hardware is required and the dispersion penalty is negligible for low 
bitrates and short distances. However, the scheme is not suitable for multi-Gbit/s transmission 
systems since the frequency change is small for such a short bit period. 
2.4.4 Phase scrambling 
There was also proposal of using phase scrambling technique to mitigate homodyne crosstalk 
[8]-[9]. The signal and the crosstalk are both phase scrambled by an optical phase modulator with 
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the format: 
= an{ t ) cos{cOf t ) (2.8) 
where a is the modulation index and n{t) is a bandpass Gaussian noise centered at a frequency co/. 
Assume the signal and the crosstalk have exactly the same frequency (homodyne crosstalk case), 
then the signal-crosstalk beating contribution would change from equation (2,7) to: 
� � =^ ( / ) c o s ( A ^ ( 0 + Ai / / ( / ) ) (2.9) 
where A^ and A i// are the phase differences of the laser phase and the imposed phase modulation, 
respectively. It is similar to the case of tone modulation. The energy of the signal-crosstalk 
beating noise is redistributed to high frequencies as shown in Fig. 2.9 so that it can be eliminated 
by a low-pass electrical filter. 
s i g n a l - c r o s s t a l k • : Convolution operation 
b e a t n o i s e 
• [ / • I = I n 
1 . _ _ t L �I \ n , 
f f f 
Fig. 2.9 Redistribution of crosstalk power among different harmonics. Crosstalk power is 
transferred from base-band to higher frequencies where it can be filtered out. 
The drawback of this method is that the spectrum is broadened after the phase is scrambled and 
therefore it would induce additional penalty due to fiber dispersion. 
2.5 Performance analysis 
The performance of a digital optical system is usually quantified by its bit error rate (BER) or 
error probability (/\,). The error probability can be computed by performing a semi-infinite 
integral over the tail probability density function (PDF) of the receiver decision variable, which 
takes inio account the presence of the receiver noise and the optical crosstalk. However, it is 
somet imes difllcuU to obtain the closed-form statistics, for example, in the case of finite response 
of the receiver circuit or the case of multiple crosstalk sources. Therefore some indirect methods 
to calculate the error probability have been developed. They include methods using minimum 
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statistics such as Gaussian approximation (GA), and methods using moment generating function 
such as Saddlepoint approximation (SA) and Modified Chernoff bound (MCB). 
2.5.1 Gaussian approximation 
Gaussian approximation (GA) uses only the minimum statistical information (mean and variance) 
lor noise and crosstalk to obtain the standard approximation of the probability tail integral. 
Suppose at a particular sampling time, the signal symbol is 1 and there are N crosstalk sources, // 
of them having simultaneously a binary symbol 1 and N-JA having a binary symbol 0 
simultaneously, the photocurrent /)",(/) is: 
I\[\ + jLl£ + {N - / . l ) + 
2 ^ COS 从-(/>,) + X ⑶幼 s-A)+ (2.10) 
k = \ k = \ 
"(.；：-l "(.2 � . -/ . H \-,A'2 
A’ = l l=k +� + l 
_ " ( 八 
Z Yu•、伞k -中 1� 
A- = l /=A- + 1 
where 尸、.is the received power with a unity receiver responsitivity, s is the relative power of each 
crosstalk with the desired signal,么 is signal phase ^kj is phase of the k-th/l-th crosstalk, p is the 
extinction ratio defined as the optical power ratio of the binary symbol 0 to binary symbol 1. 
Then the mean received power of symbol 1,尸.�./’ is: 
/)、丨=：尸、+£•尸、+ (2.11) 
and the variance is: 
CT：= 
� , N — j u \ 2 P s i ^ � � P � � 
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where the last temi is due to the Poisson distributed shot noise, which is equal to the mean value 
of the photocurrent. Similar calculation can be used to obtain the mean power Pso and the 
respective variance “ for signal can'ying symbol 0 as 
广、.()= P � / ? + £•尸、.[p// + (yv —/ / ) ] (2.13) 
and 
c r ： = 
+ (iV - / / ) ( 2尸、 . 7 ^ ) 2 + 全 M 2 P � . V ^ P ) 2 + 
The probability distribution function (PDF) of the received signal is then approximated by 
Gaussian distribution 
1 f ( x2 A 
= e x p — �二 ( ; ) (2.15) A/2;rcr(,. 2o"(; J 
with the means //(;and the variances obtained in (2.11-14) and P�, can be calculated by 
K =去 \ja Uo + 去广 fa )dz, (2.16) 
)JD ) •/-co 
where D is the detection threshold. The main advantage of using Gaussian approximation to 
formulate error probability is the low computation complexity. However, the accuracy of 
Gaussian approximation relies on the similarity between the actual PDF and the Gaussian 
distribution. By central limit theorem (CLT), Gaussian approximation can provide a good 
approximation for a large number of independent crosstalk terms or for the case of dominant 
thermal noise. But it can be misleading for small number of crosstalk sources because the PDF 
for a single crosstalk source is strictly bounded while Gaussian distribution is unbounded in 
nature. 
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2.5.2 Saddlepoint approximation 
Saddlepoint approximation (SPA) [14]-[18] is an assessment method based on moment 
generating functions (MGFs) . The method is more complex, but is supposed to be more accurate 
than Gaussian approximation. 
For reception of symbol Is, the error probability is given by 
f l { z ) d z (2.17) 
J-oo � 
where D is the detection threshold, is the probability function of the signal taking into 
account the effect of crosstalk and noise with the random variable C f c i ^ ) is given by the Laplace 
inversion transform as 
= 「|，M:'�exp(-^ s’z)6/s (2.18) 
where c! is a real constant, M^-(s) is the MGF of/^-(z), which can be obtained by multiplying the 
MGFs of different effects. For example, the MGF of a single crosstalk source, My(s), can be 
calculated as follows, 
r« e x p ( . V V ) 1 f/r 
M..{s) = expOsy) = , dy =— Qxp{sa c o s = IJsa) (2.19) 
“ 71 如、/ 冗 Jo 
where a is the magnitude of the signal-crosstalk beating term, I() is the modified Bessel function 
of the first kind at zero order. The MGF of thermal Gaussian noise with zero mean with oii," 
variance is given by 
(Vo" “ 1 
A/,/ ,0) = exp ——L (2.20) 
V ~ J 
Substitute (2.18) into (2.17) and integrate, gives 
(.C| + y o o A / l ( 5 ) 
P入z < D) = ^Qxp{-sD)ds (2.21) 
Jq -./oo s 
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M\{s) 
Let exp( i / / | (、,)）= ~ - — — Q x p { - s D ) , we get 
s 
{s) 二 (•!>’)) - \n{-s) - sD (2.22) 
By expanding \{/i{s) using Taylor series around a saddle point s二s!, gives 
M � ' ) = ( � ’ i) + ^ i / ^ i V , ) 0 ’ + • • • (2.23) 
By neglecting the terms after the second derivative, we can get 
= (2.24) 
p w l X s , ) 
The error probability for reception of symbol 0 can be obtained similarly and the total error 
probability approximated by Saddlepoint approximation is 
p � 1 f e x p ( v / „ ( 5 o ) ) I e x p(仏 (2 25) 
极y � ) 似s�) J • 
2.5.3 Modified Chernoff bound 
Modified Chernoff bound (MCB) [17]-[21] is another assessment method based on MGF 
calculated as (2.20) and (2.21). It provides a computational bound rather than an approximation. 
Therefore it is a safe estimation method for error probability. M C B is based on the following 
inequality for any complex or real functions gfzj: 
f 较 ( z ) " z < t\g{z)\dz (2.26) 
Ja Ju 
With (2.26), equation (2.21) can be bounded as 
1 r 
r[人z <D)< 一 e x p ( R e { ^ , ( C | + jx)})dx (2.27) 
Itt . 
Consider if there are only single crosstalk source and thermal noise contribution, i.e. 
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M�; {s) = M I , � s � M { s ) we have 
(r + ixV a ~ 
iMi.i + P ) = + jx)) + �’ y - ln(-c, - Jx) - (c, + Jx)D (2.28) 
Taking the real parts of all the terms, 
^ 2 _ 2x 2 
R e { v / , ( c , + Jx)} < l n ( M ; „ ( c , ) ) - l n ( - c , ) - c , D + (�丨 二 ) � "' (2.29) 
Substitute (2.29) into (2.27), 
�) (2.30) 
Error probability can be obtained similarly and the total error probability is: 
1 ( ^ e x p ( v / , ( 5 , ) ) ^ 丨） 
‘ ( cr", a,I, 
2,5,4 Comparison 
Compar ing the three performance analysis method reviewed above, GA is the simplest one. 
However, as the crosstalk PDF is far from Gaussian, GA would provide pessimistic estimation 
when the number of crosstalk sources is small. GA is only suitable when the noise is dominant, or 
the number of crosstalk sources is large. MCB and SPA are both based on the moment generating 
function of the PDF. They are found to be complex and can generate more optimistic 
approximation than GA. As SPA requires the second derivative of the moment generating 
function, it has an extra complexity compared with MCB but it is supposed to be more accurate 
than MCB. Nevertheless, M C B can be considered as a safe estimation method for the error 
probability. 
2.6 Summary 
In this chapter, we have introduced different types of crosstalk that exist in WDM networks. 
Among them, homodyne crosstalk cannot be removed by either pre-detection optical filter or 
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post-detection electrical filtering and thus it is the most difficult one to be removed compared 
with other kinds of crosstalk. Also, homodyne crosstalk would accumulate along the transmission 
path and therefore forms a major limit to the system performance. We have also described the 
characteristics of optical crosstalk in terms of the crosstalk polarization, wavelength, and phase. 
Different mitigation techniques including Manchester encoding, bit-pattern misalignment, intrabit 
modulation, phase scrambling and peifonnance analysis techniques including Gaussian 
approximation, Saddlepoint approximation and Modified Chernoff Bound have also been 
reviewed. 
In the next three chapters, we will discuss some new crosstalk mitigation and analysis methods 
for W D M networks 
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3 Optical Regeneration for 
Crosstalk Mitigation 
3.1 Introduction 
With the technology breakthrough of optical fiber amplifier, wavelength division multiplexing 
( W D M ) and dispersion management, terabit/s point-to-point transmission systems over more 
than 1000 km have been realized without regeneration device except simple optical amplifiers. 
However, in real networks with dynamic routing capability, different high data rate WDM 
channels are routed at different times over variable distances. In order to compensate signal 
quality discrepancies, sophisticated regeneration schemes are necessary. Different all-optical 
regeneration techniques have been reported [25]-[26] in order to replace the current 
opioeleclronic regenerators that are speed-limited and bit-rate-fixed. Their nice regenerative 
property against noise and dispersion has been shown in [25]-[27]. However, little attention has 
been given to the study of their capability in crosstalk mitigation. Also, in view of different 
disadvantages suffered from the crosstalk mitigation techniques described in Chapter 2, we 
propose to alleviate crosstalk effects in WDM networks using all-optical regeneration techniques. 
3.2 Optical regeneration techniques 
Amplitude fluctuation Amplitude fluctuation suppressed 
曰 ? 
Timing jitter Timing jitter reduced 
Fig. 3.1 Objective of regenerators 
2 8 
Chapter 3 Optical Regeneration for Crosstalk Mitigation 
Fig. 3.1 shows the objective of ail optical regenerators. By using regenerator, the amplitude jitter 
is suppressed and the timing jitter is reduced. By suppressing amplitude jitter and timing jitter, 
transmission distance and the scalability of network can be improved. Also the constraints in 
system design can be relaxed. 
There are many differenl regenerators. In terms of signal processing method, we may classify 
them into electronic regenerators or all-optical regenerators. Electronic regenerators are based on 
O E / E O conversion in which the received signal is converted to electrical signal, regenerated 
electronically and re-modulate another laser. Currently 40 Gb/s regeneration can be realized [28]. 
However, further improvement in speed would be quite difficult due to the speed limitation of 
electronics involved. On the other hand, there is no OE/EO conversion in all-optical regenerators, 
and so it can potentially operate at higher speed. Another benefit of all-optical regenerators is that 
there is no electromagnetic field emission. 
In terms of functionality, we can classify regenerators into 2R and 3R regenerators. 2R 
regenerators provide reamplification and reshaping function so that intensity noise and pulse 
distortion do not accumulate along the transmission link. In addition to reamplification and 
reshaping, 3R regenerators provide retiming function to reduce timing jitter. 
Although there are many different kinds of optical regenerators, their basic principle is the same. 
Fig. 3.2a shows the components in a common optical 2R regenerator. Incoming signal is fed into 
an optical amplif ier to pe i fonn amplification. The amplified signal is used to drive a nonlinear 
optical gate ( N L O G ) to modulate a clean CW source to produce the reshaped data. Fig. 3.2b 
shows the common NLOG transfer characteristics. Usually the transfer characteristic is sharp, 
and there are two flat regions so that noises at 0 or 1 level can be clamped as shown in the figure. 
For 3R regenerators, there is an additional clock recovery module to synchronize the data. 
n 门 O u t p u t t _ _ _ _ 
Power [ n r 
1 r f-| I 1 
岡 ~ » ^ N L O G � U L , ^ Input 
^ ^ Power 
� ^ i (b) 
Fig. 3.2 (a) Basic structure of an optical 2R regenerator (b) Common NLOG transfer 
characteristics 
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There are mainly two types of nonlinear optical gate. They are fiber based gates and 
semiconductor based gates. 
3.2.1 Fiber based gate 
Fiber based gates make use of the ultra fast response of Kerr nonlinearity. Therefore they enable 
very high speed signal processing. Kerr shutter, nonlinear optical loop mirror (NOLM), SPM 
spectrum filtering are the most common fiber based gates. 
Kerr Shutter [29j-[3 1] should be the earliest investigated optical gate. There are many variations 
for Kerr shutter. Fig. 3.3a shows one of them. Recovered clock Pck and incoming data Pj,, are set 
to have relatively 45 degree before being combined. If there is a zero in data, the clock is blocked 
by the output polarizer because the polarization is orthogonal. However, if there is a one in data, 
cross phase modulation (XPM) effect would induce birefringence and cause the clock 
polarization to rotate. Therefore part of the clock power can transmit through the output polarizer. 
( a ) n (b) 
Pin _ 
Fig. 3.3 (a) Kerr Shutter (b) Nonlinear Optical Loop Mirror (NOLM) 
Nonlinear Optical Loop Mirror (NOLM, Fig. 3.3b) is another fiber based gate. When there is a 
"zero" in the incoming data, nothing is coming out from the NOLM due to destructive 
interference. However, when there is a “one” in the incoming data, clockwise clock and 
counterclockwise clock would experience different amount of phase shift at different time. 
Therefore destructive interference condition does not hold and clock power can be leaked out at 
the N O L M output. 
SPM spectrum filtering (Fig. 3.4) was first proposed in 1998 by Professor P.V. Mamyshev from 
Bell labs [32j. It is a simple but effective scheme that makes use of the SPM broadening effect. 
When data power is high enough, SPM occurs in nonlinear medium. The spectrum is broadened 
due to SPM. So, by filtering the broadened part in the spectrum, the phase modulation can be 
converted into intensity modulation. The scheme is bit-rate transparent and polarization 
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insensitive. Also, the output pulse width and intensity are independent of the input pulse width 
and intensity. The drawback of this scheme is that it supports only RZ signal. Also the output 
wavelength is a little bit offset from the original wavelength. To overcome the wavelength offset 
problem, some people suggested using two stage regenerator, where the second stage restore to 
the original wavelength. 
a Nonlinear Medium (Fiber) 
— � 丄 
^ ： I J 图 u 
y ^ ' ' / \ Filter position 
J f t � � > > > ^ 
Fig. 3.4 SPM Spectrum Filtering. Different lines represent pulses of different heights and the 
corresponding spectra 
3.2.2 Semiconductor based gate 
Another type of nonlinear optical gate is semiconductor based gate. Semiconductor based gates 
are compact , integrable, but not as fast as fiber based device. Four main types of semiconductor 
based are semiconductor optical amplifier Mach-Zehnder interferometer (SOA-MZI), Michelson 
Interferometer (MI), Ultrafast Nonlinear Interferometer (UNI) and electro-absorption modulator 
(EAM). 
P,n(Xl) Pcw(X2) 
\ U 广 力 0 A 2 | ~ ^ P i n ( 入 1) 
P e w ( 入 2 ) ^ / 7 \ P�ut(入2) Q ) - ^ 
(a ) P o u t W ” (b) 
Fig. 3.5 (a) SO A based Mach-Zehnder Interferometer (b) SOA based Michelson Interferometer 
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SOA-MZl (Fig. 3.5a) [33]-[34] is the most popular semiconductor based gates because the 
response is fast and it has high flexibility. The bias currents of the two SOAs are set such that the 
incoming CW light experiences destructive interference at the output and nothing is coming out 
when there is no data. While the data signal is fed into one of the branches, XPM induced phase 
shift allows light to come out at the output as destructive interference does not hold. 
In Michelson interferometers (Ml) (Fig. 3.5b) [35]-[36], the probe signal is coupled to the 
inlerferometer via an optical circulator and is back reflected to the two SOAs. Similar to the 
structure of SOA-MZI, only SOA 2 induces XPM. The MI type can support higher speed 
potentially compared to the SOA-MZl type, mainly due to fact that back reflections double the 
interaction length. 
W P济 F 
(a) Pck」!⑴ 
P i n 』 
(b) 
Pew 
Fig. 3.6 (a) Ullralast Nonlinear Interferometer (b) EAM based optical regenerator 
Ultra fast Nonlinear Interferoemter (UNI) [37]-[39] is also a very attractive optical gate. Its 
structure is shown in Fig. 3.6a. At the UNI input, the probe signal is split into two orthogonally 
polarized pulses by using a highly birefringence medium such as polarization-maintaining fiber 
(PMF). After passing through the fiber, the probe pulse pairs are launched into the SOA where 
they experience a phase shift induced by the pump signal. The pulse pairs recombine after 
passing through a second piece of PMF and a polarizer. Operation speed of up to 80 Gbit/s was 
demonstrated with UNI [38]. 
EAM based optical regenerator (Fig. 3.6b) [40]-[42] is relatively new. The principle of EAM 
based optical gate is that when there is no pump signal, the probe signal is absorbed by the EAM. 
However when high power pump enters the EAM together, the high power pump would saturate 
the EAM. The absorption ability is reduced and so the probe signal can pass through the EAM. 
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3.3 Crosstalk mitigation using SOA-MZI 
In this section, we propose to use an optical regenerator based on the SOA-MZI configuration to 
enhance homodyne crosstalk tolerance. SOA-MZI is chosen because of its excellent regenerative 
capability and fast response time [33]. Consider the SOA-MZI configuration as shown in Fig. 3.7, 
assuming the presence of two signals: an input signal carried by X\ wavelength acting as a pump 
signal and a local CW signal carried by 人2 wavelength acting as a probe signal, we can express 
the output power as: 
!]„“ ) oc P,,,(义2 )[1 + (A,)))]. (3.5) 
where /),„ is the input signal power,尸（.if is the CW probe power, is the output power and 
A(KPm(入I))=小2(Pm(入I))-小I representing the phase difference between SOAl and S 0 A 2 . 
• n 门Pin(入丨） 
i Pew⑷乂 y g RTLJ 
V s O A l j ^ 
Fig. 3.7 Schematic of an SOA-MZI 
111 an SOA, the incident optical signal is amplified by stimulated emission from the conduction 
band to the valence band, and the amplification is saturated by conduction-band emptying or 
valence-band filling. A refractive-index change is associated with the gain saturation. To a good 
approximation, the refractive index is proportional to the carrier density and hence to the optical 
intensity. 
Analytical descriptions of SOA gain can be obtained from steady-state rate equations for 
electrons and photons [43]. Assuming the carrier lifetime is x and the saturated and unsaturated 
gain coeff icients per unit length are g and go, respectively, we can have [44] 
g = g J i \ + P / P ^ J , (3.1) 
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where P is the incident power and 尸.�.",is the saturation power, defined as 
P.仙=EA/YX{dg 丨 dN). (3.2) 
Here E is the photon energy, A is the waveguide cross-sectional a rea ,厂 is the mode confinement 
factor, z; is the can,iei, lifetime, and dg/dN is the differential gain; N is the electron concentration. 
The approximate dependence for the refractive index change An on the optical power P is given 
by [45]: 
, , „ � (dn/dN] P/P,„ 
A"(户）二 A 1 u I • (3-3) 
\dgldN )\ + PI P^^, 
where n is the refractive index in the absence of light and dn/dN is the derivative of the index 
with respect lo carrier density. The ratio dn/dN to dg/dN is directly proportional to the linewidth 
enhancement lactor [46]. For a 1550-nm SOA fabricated with InGaAsP, dn/dN = -2x10"^° cm"\ 
di^/dN = 2.5x10"'^' cm" and go = 300cm-丨.The nonlinear refractive index gives rise to a 
corresponding phase change for the pump signal itself as well as the probe signal. The expression 
of phase change is then given by 
上 A/7l ^ 
= (3,4) 
^mc 
where 入v;ic is the free-space wavelength and the device length is L. 
10, ‘ ^  
‘ \ 
0 / 
r V . 
q _ � - 2 0 . II 
II 
-30 I I 
~ I T i - 1 0 p dB而3 0 5 
in ^  ‘ 
Fig. 3.8 Nonlinear transfer function of the SOA-MZl 
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For cin/dN = -2x 10'-° ci ir \ dg/dh! = 2.5x 10"'^ c m � ，= 300cm"', 15mW, ？wac= 1550nm, L = 
300|am, the nonlinear transfer function of the interferometer is shown in Fig. 3.8. The fast 
nonlinearity induces noise and crosstalk redistribution, resulting in a narrower distribution for 
marks and spaces and thus performs as a 2R regenerator. 
3.3.1 The experimental setup 
The experimental setup is shown in Fig. 3.9. A CW light source at 1551.5 nm from a DFB laser 
was modulated by a pseiido random bit sequence (PRBS). The modulated signal was 
ainplified and then split into two arms by a 3-dB coupler. The crosstalk arm consisted of an 
attenuator, a 6-km single mode fiber and a polarization controller. The 6-km SMF greatly 
exceeded the 5-m laser coherence length. Hence, the data in the signal arm and the crosstalk arm 
were de-correlated and the experiment emulates the homodyne crosstalk in networks. The 
crosstalk level was controlled by the attenuator and the polarization state was matched to the 
signal. In our experiment, worst case crosstalk levels from -40 to -15 dB and data rates of 2.5 
Gbps and lOGbps were investigated. The signal combined with the crosstalk either passed 
through or bypassed an all-active SOA-MZl in order to investigate the effect of homodyne 
crosstalk mitigation by the device. An APD was used to receive the signal for 2.5-Gbps data rate. 
Laser l-:xtemal BPl: Signal 
I551.5nm Modulator 1551 5iim \ 
‘2.5/ l O G b p s 
W l l r x J X i 
I 2 - ' - l PBRS ^ PC Crosstalk » 
‘ AUcnualor I 
_ _ L _ . , 
B E R T j All-active S O A - M Z l ^〇八丨 | O O P ； 
^ / I I 丨)C W B Laser ； 
{, ‘ S O A I 1548.5nm ； 
…• ： I S O A K i 
. 1548.5nm ———~ A i , 
Allciuialor 乂 SOA i 1 
I 
Fig. 3.9 Schematic of experiment setup for crosstalk mitigation using SOA-MZl 
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3.3.2 All-active SOA-MZI 
Alcatel 1901 ICM all-active SOA-MZI was used in this experiment. The data signal and a CW 
lighl source at 1548.5 nm from another DFB laser were launched into the all-active SOA-MZI as 
shown in Fig. 3.9. The data was imposed on the CW source by means of cross phase modulation 
(XPM). The device was tuned to be out-of-phase mode for better 2R regeneration performance 
and co-propagation scheme was used for more efficient wavelength conversion. However, data 
was inverted. Fig. 3.10 shows the transfer characteristics of the all-active SOA-MZI. The flat 
regions can be used to clamp the amplitude fluctuation due to homodyne crosstalk. Therefore . 





-4 - \ 
1 :| V I 
-10 -I 1 1 — 1 1 1  
-4 -2 0 2 4 6 8 
Input Power (dBm) 
Fig. 3.10 Transfer characteristics of the all-active SOA-MZI 
3.3.3 Results and discussion 
We have measured the bit-error-rate (BER) performance using 2.5-Gbps and 10-Gbps 
PBRS data with and without all-active SOA-MZI for various homodyne crosstalk levels. Without 
the all-active SOA-MZI , < 1.5 dB and < 0.1 dB penalty was observed for data rate of 2.5Gbps 
and lOGbps respectively for crosstalk level < -37 dB. The BER performance degrades rapidly for 
higher crosstalk levels. With the all-active SOA-MZI (Fig. 3.1 la , b), up to -20 dB crosstalk level 
was tolerated within a penalty of 0.7 dB (BER二 10-9), 
Fig. 3.1 la, b show the system power penalty as a function of crosstalk with and without all-active 
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SOA-MZI for data rate of 2.5-Gbps and 10-Gbps respectively. For any crosstalk level, penalty 
with all-active SOA-MZI was smaller than that without the all-active SOA-MZI, showing the 
high performance of the all-active SOA-MZI. Without all-active SOA-MZI, the penalty grows 
more rapidly with increasing crosstalk level than the case with all-active SOA-MZI. The 
increased crosstalk tolerance was attributed to the all-active SOA-MZI，s nonlinear transfer 
characteristics as shown in Fig. 3.10 which reduces the amplitude fluctuation. Regarding a 
penalty of e.g. IdB, the tolerable crosstalk level was increased from about -40 dB to -21 dB for 
2.5-Gbps data and from -26 dB to -19 dB for 10-Gbps data. This corresponds to a reduction of 
crosstalk requirements of �1 9 dB and ~7 dB for data rates of 2.5-Gbps and 10-Gbps respectively. 
2 2 -1 
(a) 20 2.5G, Penalty vs Crosstalk • 
: 
S 1 2 - / 
^ Without all-active MZI / 
ro 1 � . O With all-active MZI / 
S / 
"I 
• X . 0 
O O o 
0 1 1 1 1 1  
-45 -40 -35 -30 -25 -20 -15 
Crosstalk (dB) 
(b) 10G, Penalty vs Crosstalk J ~ 
:: / 
m without all-active MZ I / 
4 — O with all-active MZ I * 
S 3- / O 
� 
„ — o o 。 
0 -j O ^ ^ I “ 1 1 1  
-40 -35 -30 -25 -20 -15 
Crosstalk (dB) 
Fig. 3.11 Crosstalk tolerance for (a) 2.5Gbps and (b) lOGbps data rate 
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Fig. 3.12 shows the eye diagram and waveform at crosstalk = -18dB with and without all-active 
SOA-MZl . The signal marks were corrupted by large bursts of crosstalk-induced interference. By 
inserting the all-active SOA-MZl , the bursts were much reduced. 
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(c) (d ) 
Fig. 3.12 Eye diagram (a) without, (b) with all-active SOA MZl and waveform (c) without, (d) 
with all-active SOA MZl when crosstalk level二-18dB, data rate =10Gbps 
The probe power and signal power just before the all-active SOA-MZl were 2.5 dBm and 1.6 
dBm respectively. We can see that by using the XPM effect, the signal power does not need to be 
larger than probe power. Therefore, the operation range is greater than schemes using XGM 
effect. 
In the 10-Gbps experiment bypassing all-active SOA-MZl , the threshold in the BERT was 
optimized manually for each BER curve. In [47], it has been shown that crosstalk tolerance can 
be increased by adjust ing the BERT threshold only. Therefore, in a more realistic situation where 
the threshold is not frequently adjusted, the crosstalk tolerance should be larger than what we 
have shown here. 
The major drawback in this scheme is that the original wavelength is inevitably converted into 
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another wavelength. Also, the data is inverted. These problems can be solved by cascading two 
all -active SOA-MZls together with the first one convert from A,] to 入2 and the second one 
converts from Xi back to In addition, cascading two regenerators can sharpen the overall 
transfer characteristic and so the reshaping performance can be further improved. 
3.3.4 Summary 
We have demonstrated that homodyne crosstalk can be reduced by an all-active SOA-MZl. 
Crosstalk level of about -20 dB can be tolerated within a penalty of 1 dB (BER=10'^). This 
corresponds to a reduction of crosstalk requirements of - 1 9 dB and ~7 dB for data rates of 
2 .5-Gbps and lO-Gbps respectively. 
3.4 Crosstalk mitigation using SPM 
spectrum filtering 
RZ format in optical communication began to draw attention around 1999 after it was found that 
it may help the design of high-capacity lightwave systems [48]-[50]. Among the all-optical 
regeneration schemes [25] for the RZ format proposed recently, optical filtering of the self-phase 
modulation (SPM) broadened signal spectrum [32] is one of the simplest techniques as it is 
bit-rate transparent and polarization insensitive. This technique has been previously demonstrated 
to improve the extinction ratio of the RZ-data [32]; and to restore pulse wavefonn distorted by 
polarization mode dispersion [51] and chromatic dispersion [52]. 
Input data at oo Nonlinear Medium (Fiber) Regenerated data at ⑴丨、 
' 、 鼻 O 
」、d t � V y B - 」 t / L 
t ^ t 
COO COf 
^ ^ • �‘ s ' ~ — - F i l t e r passband 
/ ) � 
• ‘ Z J � - - -
Fig. 3.13 Schematic diagram of the SPM-based regenerator. Different types of line represents 
pulses with different intensities and the corresponding spectra 
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Fig. 3.13 shows the schematic diagram of the SPM spectrum filtering technique. When an optical 
signal with spectral bandwidth Acoq is injected into a highly nonlinear medium, the spectral 
bandwidth broadens due to SPM [32]: 
1^0)洲=^(OQ{271;/X)^^!pL . (3.2) 
where 1” is the pulse intensity, 112 is the nonlinear refractive index, A is the wavelength, L is the 
length of the nonlinear medium. The amount of spectral broadening is proportional to the 
intensity of the pulse intensity. So when the pulses pass through the optical filter with a centre 
frequency �尸幼A w . � . / „ " , the pulse is rejected by the filter when the intensity is too small (e.g. 
noise in zeros) such that Acosni 12 < A叫/„/,，and only a limited power passes through the filter 
when the intensity is higher than a certain threshold (e.g. amplitude fluctuation at ones) such that 
Zk乂、7,a//2 > Aft；,/,,//. As a result, a thresholding effect is applied on the pulses and the waveform is 
restored. 
By making use of such pulse waveform restoration property of the SPM-based all-optical 
regeneration, it is expected that the rapid power fluctuation induced by the beating between the 
data signal and the homodyne crosstalk can be effectively clamped. In this chapter, we, for the 
first l ime, propose and experimentally investigate the use of SPM-based all-optical regeneration 
to alleviate the signal degradation due to homodyne crosstalk. 
3.4.1 The experimental setup 
Ml. l.ascr Hxlernal B|>1： Signal 
1547 n m MocUilalor “刀汽 | 5 4 7 n m \ 
I Z / \ 1 . 1 k m D S F / \ 
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^ I R e g e n e r a t o r ^ ^ | 
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Optical I 3 P P ， I 
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Fig. 3.14 Schematic of experiment setup for crosstalk mitigation using SPM spectrum filtering 
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Fig. 3.14 shows the experimental setup. A 10-GHz optical pulse train of 2.5-ps pulse width at 
1547 nm from a mode-locked fiber laser was externally-modulated by a 10-Gbps 丨-1 PRBS 
data. The modulated signal was amplified by an Erbium-doped fiber amplifier (EDFA) and was 
then split into two fiber paths via a 3-dB fiber coupler. The crosstalk path (lower arm) consisted 
of an optical attenuator, a piece of 1.1-km dispersion shifted fiber (DSF) and a polarization 
controller (PC). The 1.1-km DSF was well beyond the 5-meter laser coherence length, thus the 
signal in both the data signal path and the crosstalk path were de-correlated. This setup simulated 
the homodyne crosstalk scenario in optical networks. The crosstalk level was controlled by the 
optical attenuator, and both the delay time and the polarization state of the crosstalk signal were 
aligned to that of the data signal so as to simulate the worst homodyne crosstalk scenario. In our 
experiment, the worst-case homodyne crosstalk level was varied from -38 dB to -20 dB. The data 
signal, having combined with the crosstalk, was then fed into an all-optical 2R regenerator, which 
comprised an EDFA, 4.4-km dispersion shifted fiber (DSF) and an optical band-pass filter (BPF), 
to achieve homodyne crosstalk suppression via optical filtering of the SPM broadened signal 
spectrum. 
3.4.2 Results and discussion 
Fig. 3.15 shows the optical spectrum of the crosstalk-corrupted signal (at 1547 nm) before 
passing through the 4.4-km DSF, which had the zero dispersion wavelength at 1550nm. At the 
output of the DSF, the signal spectrum was broadened to about four times, via SPM, as shown in 
Fig. 3.15b. An optical BPF with 0.2-nm bandwidth centered at 1545.98 nm was then used as the 
power limiter; and the filtered optical spectrum was shown in Fig. 3.15c. 
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Fig. 3.15 Optical spectra (a) before entering the 4.4km DSF, (b) after the 4.4krn DSF, and (c) 
after the output BPF 
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In order to investigate the regeneration property by optical filtering of the SPM broadened signal 
spectrum, the transfer characteristic was measured, as shown in Fig. 3.16, by injecting the signal 
with different power levels. The flat regions were used to clamp the amplitude fluctuation due to 
homodyne crosstalk, thus greatly suppressed the homodyne crosstalk induced degradation. 
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Fig. 3.16 Transfer characteristics of the SPM-based all-optical regenerator 
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Fig. 3.17 (a) the eye diagram of a 9.953-Gbps RZ signals under homodyne crosstalk o f -12 .55 dB 
(b) the eye diagram after feeding the same signal into the SPM-based all-optical regenerator 
We have measured the bit-en.oi,-rate (BER) perfonnance using 9.953-Gbps PRBS data with 
and without the all-optical regeneration at various homodyne crosstalk levels. The power penalty 
measurements (at BER=10''^) were depicted in Fig. 3.18. When no optical regeneration was 
employed, less than 0.5-dB power penalty (at BER=10"''^) was observed for homodyne crosstalk 
level jess than -30 dB. However, the power penalty increased drastically as the homodyne 
crosstalk level was further raised. On the other hand, when SPM-based optical regeneration was 
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used, the homodyne crosstalk level could be tolerated up to -24 dB such that the induced power 
penalty (at BER=10"''^) could still be kept within 1 dB. At 1-dB power penalty, the tolerable 
homodyne crosstalk level was greatly enhanced from -28 dB to -24 dB, which corresponded to a 
reduction of crosstalk requirement of about 4 dB. 
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Fig. 3.18 Measured power penalty curves at different crosstalk levels reference to the case 
without regenerator 
Al all homodyne crosstalk levels, it was shown in Fig. 3.18 that the induced power penalty was 
largely alleviated when all-optical regeneration was employed. The enhanced homodyne 
crosstalk tolerance was attributed to the regenerator's nonlinear transfer characteristics, as shown 
in Fig. 3.16, which suppressed the crosstalk induced amplitude fluctuations. 
The choice of the injected signal wavelength and the filtered wavelength is quite critical in this 
scheme. The injected signal wavelength should be chosen in the normal dispersion regime with a 
small dispersion value not only to achieve sufficient spectrum broadening but also to avoid the 
relatively larger noise present in the anomalous dispersion regime due to modulation instability 
(Ml). On the other hand, the optical filtering wavelength should also be centered at the normal 
dispersion regime to avoid the amplified noise due to Ml. However, when the filtering 
wavelength is set very close to the injected signal wavelength, the filtered or regenerated signal 
will suffer more from the initial ASE noise present in the injected wavelength. Nevertheless, if 
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the filtering wavelength is too far away from the injected signal wavelength, the transfer 
characteristics of the SPM-based optical regenerator will become linear and thus it is no longer 
suitable for all-optical regeneration. Thus, design optimization of these parameters is desirable. 
3.4.3 Summary 
We have proposed and experimentally investigated the SPM-based all-optical optical 
regeneration technique lo enhance the system tolerance of the homodyne crosstalk. Experimental 
results proved the effectiveness of the scheme and a homodyne crosstalk level up to about -24 dB 
could be tolerated within a power penalty (BER=10"'^) of 1-dB. This corresponded to a reduction 
of crosstalk requirements of about 4 dB at the data rate of 10-Gbps. 
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4 Polarimetric Approach for 
Crosstalk Mitigation for Both 
OOK and DPSK Format 
4.1 Introduction 
When the electric fields of the signal and the homodyne crosstalk are parallel to each other, 
maximum beating between them occurs and the induced amplitude fluctuation causes large 
degradation even for small number of crosstalk sources [11]. However, the beating process 
vanishes i f � t h e electric fields of the signal and the crosstalk are orthogonal. In traditional 
transparent lightwave networks, the state of polarization (SOP) of a signal changes along the 
transmission path randomly. Therefore, SOPs of the signal and the crosstalk (or multi-path 
interference) are essentially independent [23]. This implies that the electric field alignment 
between the signal and the crosstalk is indeterministic. Although it was shown in section 2.3.1 
that systems show a preference to the near-worst-case for polarization alignment between the 
crosstalk and the desired signal, the probability that the crosstalk and the desired signal are 
exactly aligned is still small compared with the total probability of all other alignment status. 
Based on this fact, instead of considering the worst alignment case, we propose a homodyne 
crosstalk compensat ion scheme, as illustrated in Fig. 4.1 to actively misalign the electric fields of 
the signal and the crosstalk and immediately filter out the crosstalk component so that the 
homodyne crosstalk induced penalty is minimized. The proposed scheme is transparent to both 
modulation format and bit rate, and can be applied under most of the alignment status between 
the signal the crosstalk. Therefore it can be used as a stand-alone homodyne crosstalk 
compensator , in most of the cases, or as an auxiliary part to other homodyne crosstalk mitigation 
schemes. 
In general, the signal and crosstalk are elliptically polarized. Assume that the electric fields of the 
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signal and the crosstalk have a certain initial alignment, by using a polarization controller (PC), 
we can change the alignment of their respective electric fields independently so that they become 
orthogonal to each other. After that, a polarizer is used to filter out the signal component only, 
thus suppressing the crosstalk component. In this way, signal-crosstalk beating is minimized at 
the receiver and the possible induced signal degradation is alleviated. In general, the proposed 
scheme is simple yet extremely effective. 
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Fig. 4.1 Proposed homodyne crosstalk compensation module 
4.2 Experimental setup 
Fig. 4.2 shows the experimental setup for an OOK system. CW light at 1548 nm from a DFB 
laser was externally-modulated by a 10-Gbps NRZ PRBS data using an optical intensity 
modulator. The modulated signal was then split into two fiber paths via a 80:20 fiber coupler. The 
crosstalk path (lower arm) consisted of an optical attenuator, a polarization controller (PC) and a 
piece of 1.1-km dispersion shifted fiber (DSF), which was beyond the 5-meter laser coherence 
length to decorrelate the data signal and the crosstalk. This setup simulated the homodyne 
crosstalk scenario in optical networks. The crosstalk level was varied from -35 dB to -6 dB by the 
optical attenuator. To simulate the worst-case homodyne crosstalk scenario, the electric field or 
polarization of the crosstalk was aligned to that of the data signal. The combined data signal and 
crosstalk was fed into the proposed crosstalk suppression module, which consisted of a 
polarization controller and a polarizer. Another experiment for a 10-Gbps DPSK system was also 
performed. 
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Fig. 4.2 Experimental setup for polarimetric approach for homodyne crosstalk reduction for OOK 
system 
4.3 Results and discussion 
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Fig. 4.3 Power penalty versus homodyne crosstalk level in 10-Gbps OOK and DPSK systems, 
with and without the proposed crosstalk suppression scheme. 
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We have measured the bit-error-rate (BER) performance using 10-Gbps NRZ PRBS data 
with and without the proposed homodyne crosstalk compensator at various homodyne crosstalk 
levels. With reference to the back-to-back receiver sensitivity (at BER=10" ' \ the corresponding 
power penalty measurements were depicted in Fig. 4.3. For OOK format, at 1-dB power penalty, 
the tolerable homodyne crosstalk level was greatly enhanced from -25 dB to -14 dB, which 
corresponded to a reduction of crosstalk requirement of about 11 dB. For DPSK format, a similar 
crosstalk tolerance improvement could be observed. The tolerable homodyne crosstalk level was 
enhanced from -23 clB to -5 dB, which corresponded to a reduction of crosstalk requirement of 18 
dB. 
Fig. 4.4 shows the measured eye diagrams at a homodyne crosstalk level of -12 dB with and 
without crosslalk suppression. As shown in Fig. 4.4a, c, the signal marks of OOK and DPSK 
signals were severely corrupted by large bursts of crosstalk-induced beat interference. However, 
ill Fig. 4.4b, d, such burst noises were greatly suppressed by inserting the polarization controller 
and polarizer, thus effectively improved the system performance. 
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In our experiment, only a single simple polarization controller was used to rotate the signal and 
crosstalk electric fields. In real deployment, a feedback signal may be needed to combat 
t ime-varying homodyne crosstalk. The degree of polarization (DOP) just before the polarizer can 
be monitored and feedback to the polarization controller in order to obtain the separation angle 
between electric fields of the signal and the crosstalk. 
4.4 Summary 
We have proposed to use a simple polarimetric approach to enhance the system tolerance against 
homodyne crosstalk. A polarization controller is first used to actively misalign the signal and 
crosstalk electric fields and then the polarizer is used to suppress the crosstalk component. 
Experimental results proved the effectiveness of the scheme and more than 10 dB of crosstalk 
tolerance improvement has been experimentally achieved for both 10-Gbps OOK and DPSK 
systems. 
4 9 
Chapter 5 Crosstalk Accumulation Analysis 
5 Crosstalk Accumulation 
Analysis 
5.1 Introduction 
The error probability or bit error rate (BER) is always used as a performance indicator of a digital 
optical system. Recently, several methods have been developed to calculate the system error 
probability under the influence of homodyne crosstalk. These include Gaussian Approximation 
(GA) [10]-[13]，Saddle Point Approximation (SPA) [14]-[18] and Modified Chernoff Bound 
( M C B ) [17]-[21]. AS discussed IN section 2.5, Gaussian Approximation was simple but it tended 
to have pessimistic prediction. On the other hand, SPA and MCB required a more complex 
computat ion. Also, optical crosstalk accumulation in multiple-hop scenario is seldom discussed. 
In this chapter, we present an efficient model based on simple matrix manipulation to estimate 
the bit-eiTor-i,ate (BER) penalty due to homodyne crosstalk as well as amplifier noises. The 
model is simple, and requires no approximation for the homodyne crosstalk probability density 
function (pdl). As the model is matrix based, it can readily be cascaded to model multiple-hop 
scenario. With this proposed model, we investigate the optical crosstalk accumulation along an 
optical transmission path with different number of optical nodes, and assess the respective 
performance degradation. On the other hand, we have demonstrated effective mitigation of 
homodyne crosstalk by means of all-optical regenerator in chapter 3. In this chapter, we also 
investigate theoretically how all-optical 2R regenerators interact and mitigate with homodyne 
crosstalk in an all-optical multi-hop network. Calculation results show that homodyne crosstalk 
can be effectively alleviated and BER accumulation can be greatly suppressed when all-optical 
2R regenerators are employed at the nodes, thus the network scalability is much enhanced. 
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5.2 Theory and model 
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Fig. 5.1 An optical transmission system with an optical regenerator at each optical node 
We extend the BER estimation model in [53] and take into account of the homodyne crosstalk in 
each switching/routing optical node. In our model, there are three major elements: noise, 
homodyne crosstalk and optical 2R regeneration (re-amplification and reshaping). As illustrated 
in Fig. 5.1, amplifier noise is added along fiber links and the optical amplifiers, while homodyne 
crosstalk is introduced at the optical nodes during switch and routing. The data signal passes 
through a nonlinear optical 2R regenerator at each intermediate optical node. 
First, the input signal (s) is assumed to have M possible levels, i.e. mi , . . . , ium, with the 
probability density liinction (pdt) vector, p(s): 
,P{s = w丨）� 
⑴= ： 
To model the effect of noise, homodyne crosstalk as well as the all-optical 2R regeneration, we 
introduce three different transfer matrices, namely T,„ T, and T,； respectively, where all three of 
them use the same matrix form {Ta) w i t h / i e {/7,A-,r}: 
f ,A \ 
Ml . . . MA-/ 
T - .. ： 
" I — • • • 
fA .A 
\'M\ "' '•MM ) 
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where the matrix element = P{s'= w J 5 = m) ； Ae{n,x,r} where s' is the resulted signal 
level after the respective effect is considered. For example, 丨=P{s'= w, \ s = m^) is the 
transfer probability when the signal level changes from m, to m, after homodyne crosstalk is 
added. Hence, a resultant output signal pdf vector ；；^ -^can be obtained when the input signal pdf 
vector p(s) is multiplied by the corresponding transfer matrices {T„, and T,.)’ in which noise, 
homodyne crosstalk and optical regeneration, respectively, are taken into account. The noise is 
assumed to be Gaussian distributed with zero mean and standard deviation a , as: 
1, 1 -{III-III, y/2a' A 
/;; = 产 e 丨‘ - A m (5.1) 
CJyJlTt 
where A/;/ is the step size of the signal levels. 
For a signal with signal power 尸、and crosstalk power I \ ’ the output power is: 
P„ = P. + 尸 V + cos[久(0 — (p.- ( 0 ] (5.2) 
where and 似“are phases of the signal and the crosstalk, respectively. Here we have 
assumed the worst case that the signal and the crosstalk are co-polarized. The phase difference 
[(j)Jt)- (l)Jt)] is assumed to be a uniformly distributed random variable in the interval [0,27i] for 
incoherent crosstalk. Using the pdf of the variable <^cos[(/>//)- ^ / / J ] given by [54], as: 
- 1 < “ 1 
(5.3) 
0 elsewhere 
the probability that the signal at level m, is redistributed to level iTij after beating with the 
m, - m - m, 
crosstalk at level w, is g{ , ) and thus we have: 
y,”丨丨们丨 
^ m, - ni - m, 
t； = X 厂(尸、.二 ). ) • Aw (5.4) 
/=i 2 小 V 丨m! 
To model the effect of all-optical regeneration, we have: 
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“ 0 otherwise ( ) 
where f(y) is the nonlinear function of the optical regenerator, with a nonlinearity parameter y, 
defined as [53]: 
< /(O) = 0 一 (5.6) 
八去)：丄 
I 2 y 
where c/, b are constants. When 尸 I , the function is linear with unit slope. The transfer function 
gradually evolves to unit step function as / decreases to 0’ as shown in Fig. 5.2. 
1 , T , ~ 一 一 : . 7 ； 、 丨 
/ .z ... 
/ z z ... 
0 . 8 - / / . , . . : , " -
L . ' • • 
县 0.6- I,,,’’ 
I / • 
CO 0 4 - ...,•'/ ‘ : 
完 ....'// ——Y = 0 
E . / / —— Y = 0 .25 
i , , : : , / / - - y = o . 5 
0 . 2 - .... , • ‘ , … - ” 0 .75 -
i •••• “ , , / ~ — I 
I • • • - • 一 z f)l，V - .•二 L J ‘ ^ 1 
0 0 ,2 0.4 0.6 0 .8 1 
Normal ised input power 
Fig. 5.2 Nonlinear transfer function of the all-optical regenerator with different values of the 
nonlinear parameter / 
Alter obtaining the transfer matrices, T,„ T\ and Tr, we can obtain the overall transfer matrix r a t 
each optical node. For example, T = T J \ T r means there is only one crosstalk source, one noise 
source and one all-optical regenerator at the optical node (see Fig. 5.1). This proposed model can 
be easily adapted to investigate different situations by just including the relevant transfer matrices. 
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As a result, after an input signal (with pdf>(i ' )) traverses through k identical optical nodes, each 
has a transfer matrix T, the pdf of the received signal ip{s')) at the destination node can be 
obtained as: 
Pis') = T'-Pis) (5.7) 
5.3 Results and discussion 
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Fig. 5.3 Estimated BER as a function of number of nodes at different homodyne crosstalk levels 
with and without all-optical regeneration at each node 
Fig. 5.3 shows the estimated BER as a function of the number of nodes at different homodyne 
crosstalk levels. The noise level is adjusted to give a BER of 10�扣 after one regenerator without 
any crosstalk. The dashed lines show the BER accumulation for different amount of crosstalk 
by-passing the regenerator (i.e. T二TxTrf), It could be observed that the BER accumulates very 
quickly f rom 10""''" to about 10"""* after 10 optical nodes. This is attributed to the combination of 
noise and the eye closure due to the signal-crosstalk beat term. However, when an all-optical 2R 
regenerator is included at each node (i.e. the BER accumulation is greatly suppressed. 
The solid lines in Fig. 5.3 show that even using optical regenerators with moderate nonlinearity 
of about 0.5, the BER is largely reduced as compared to the case without using any optical 
regenerator. This proves the effectiveness of all-optical regenerator to combat against homodyne 
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crosstalk and enhance the network scalability. This is due to the fact that the nonlinear transfer 
function redistributes the signal-crosstalk beat term and so is the noise power. 
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Fig. 5.4 Estimated BER as a function of the nonlinear parameter y of the all-optical regenerator at 
different homodyne crosstalk levels 
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Table 5.1 Number of cascaded regenerators (each with origina y) required to ac lieve the target 
nonlinear parameter y 
Besides, the nonlinearity parameter y of the all-optical regenerator is also an important factor to 
detenniiie its effect iveness in homodyne crosstalk alleviation. The transfer function is more 
nonlinear when / i s smaller (see eqn (5.6) and Fig. 5.2). Fig. 5.4 depicted the estimated BER as a 
function of y af ter signal traverses over 10 optical nodes, as an example. It is shown that the BER 
suppression is more effective when the transfer Function is more nonlinear (i.e. smaller value of 
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y). For example, when the crosstalk level is -20 dB, the value of ;kshould be chosen below 0.3 in 
order to achieve a BER < 10"'^  after traversing 10 nodes. To improve the regenerator's 
nonlinearity, we may cascade a finite number of optical regenerators at each node. Table 5.1 
shows the number of optical regenerators with a particular non linearity required at each optical 
node to achieve certain target non linearity. Only two optical regenerators with 尸 0.3 are required 
to simulate an optical regenerator with 严0.5. For the cases of cascading optical regenerators, we 
can use T = to model. 
5.4 Summary 
A simple method for estimating BER accumulation under the influence of homodyne crosstalk is 
presented. It is based on simple matrix multiplication and it is robust to adapt with different 
situations by modifying the combinations in the overall transfer matrix T. The interaction 
between all-optical regenerator and homodyne crosstalk has been investigated. Our theoretical 
results show thai all-optical regenerator is an effective solution to suppress BER accumulation 
due to homodyne crosstalk even at moderate regenerator's nonlinearity. Thus it can help to 
enhance the network scalability. 
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6 Summary and Future Works 
6.1 Summary of the thesis 
The objectives of this thesis are to explore new methods to alleviate homodyne crosstalk in 
optical networks, and develop numerical models to analyze the crosstalk accumulation in 
multi-hop scenario. 
Chapter 2 introduced different types of crosstalk in WDM networks and their characteristics. 
Existing crosstalk mitigation techniques and performance analysis techniques were reviewed in 
detail. 
Chapter 3 described the principle of all-optical regeneration and introduced several fiber based 
and semiconduclor based all-optical regenerators. We proposed and experimentally demonstrated 
effective homodyne crosstalk mitigation using all-active SOA-MZI for N R Z format and SPM 
spectrum filtering technique for RZ fonnat. 
Chapter 4 proposed and experimentally demonstrated a polarimetric approach to alleviate the 
homodyne crosstalk induced degradation. Only a single polarization controller and a linear 
polarizer were required in the scheme. Such scheme was demonstrated for both OOK and DPSK 
fonnats and high performance was achieved. 
In chapter 5, we focus on the analysis of the bit error rate performance degradation due to 
homodyne crosstalk accumulation and the performance of using all-optical regenerator to 
minimize such crosstalk accumulation. A new matrix based model, which can be easily adapted 
to elide rent scenarios, was proposed to numerically estimate the BER at different stages. 
5 7 
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6.2 Future works 
A possible future work regarding the use of all-optical regenerators to mitigate homodyne 
crosstalk is to theoretically analyze the interaction between the homodyne crosstalk and different 
all-optical regenerators. As ASE noise would also beat with the crosstalk, parameter optimization 
should be studied for the use of all-optical regenerators requiring strong amplification. 
For homodyne crosstalk reduction using polarization controller and polarizer, the major issue is 
how to design the feedback control. Utilizing the degree of polarization (DOP) of signal is one of 
Ihe possible methods which can be further studied. Also, the feasibility to deal with multiple 
crosstalk sources should be investigated. 
In this thesis, the reduction of homodyne crosstalk accumulation in multi-node optical networks 
using all-optical regenerator was numerically studied using the proposed matrix-based model. 
However, due to hardware limitation, we were unable to perform actual experiment. 
Comprehensive experimental study should be done in the future. 
As OOK is currently the most widely used format in optical networks, most previous homodyne 
crosstalk mitigation schemes were designed to be used for OOK format only. With the increasing 
attention to the DPSK formal recently, it is expected to see more optical networks be deployed 
using DPSK format. Therefore it is essential to study the characteristics and evolution of 
homodyne crosstalk in DPSK signal, and to develop homodyne crosstalk mitigation scheme 
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